ϩ T lymphocytes are initially naive, resting cells that produce IL-2 after activation, but lack differentiated effector functions. After activation, these cells can acquire restricted profiles of gene expression that provide specific helper characteristics to immune responses (1) . Two subsets of effector CD4 T cells have been characterized extensively in terms of their impact on immunity as well as cellular and molecular mechanisms guiding their development. T helper 1 (Th1) cells produce IFN-␥ and promote immunity to pathogens that rely on intracellular growth, in part, because of the macrophage-activating properties of IFN-␥ (2) . In contrast, the Th2 subset activates a panel of genes that includes IL-4, IL-5, IL-10, and IL-13, but not IFN-␥ (1-3). These cytokines are most prominent in immune regulation and protection against extracellular pathogens and parasites, but also are crucial in allergic diseases such as atopic asthma. Polarized Th cell responses in vivo, in which the CD4 T cell population at a site of infection occasionally consists almost exclusively of Th1 or Th2 cells, occur in some settings (4) . However, responses to immunization with proteins or DNA-based vaccines, and in many acute infections, are not polarized in this manner (5) (6) (7) (8) (9) . Instead, these responses consist of a mixture of Th1 and Th2 cells, along with activated T cells that have not committed to a particular subset and can differentiate further when later reactivated (10) .
Molecular mechanisms leading to the initial establishment of Th1 and Th2 populations in vitro have been studied extensively (2, 3, 11) . Experiments using continuously activated CD4 cells in vitro to explore the stability of the restricted Th1 and Th2 profiles indicated that after Ag receptor restimulation and switching conditions, a Th1 population could be converted to generate IL-4-producing cells, whereas the Th2 phenotype appeared irreversible (12, 13) . However, it is not clear whether all cells in each population had differentiated by induction of the appropriate cytokine gene(s) (IFN-␥ for Th1; IL-4, IL-5, and IL-13 for Th2) or the capacity to ''switch'' represented a response of undifferentiated cells within a mixed population. One explanation for the results of these switching experiments was that Th1 populations retained their ability to respond to IL-4, whereas Th2 populations extinguished the expression of a key component of the IL-12 receptor signaling complex (12, 13) . This extinction of IL-12R␤2 expression capacity is due to IL-4 and is mediated via the transcription factors Stat6 and GATA3 (14) (15) (16) . However, it is not clear whether any repressive mechanisms remain active after cells exposed to Th2 conditions during differentiation enter a memory subset in the absence of Ag.
After Ag withdrawal, a surviving population of memory T cells emerges from the pool of clonally expanded T lymphocytes (17) . The properties of CD4 T cell memory determine the nature of recall responses in immunity, vaccination, and atopic diseases triggered by allergens to which there is only seasonal exposure. Thus, it is vital to understand the origin and capabilities of distinct subsets of memory lymphocytes. Early studies showed that the rested Ag-specific memory cells isolated from lymphoid organs are relatively inefficient at the production of effector cytokines such as IL-4. Instead, cells became potent memory effectors only after a period of growth in the presence of differentiating signals (18) . Subsequent work indicated that Th1 or Th2 effectors subjected to several cycles of differentiation in vitro led to a memory lymphocyte population once transferred into normal or lymphopenic mice (19) . The initial cytokine production profile of these memory cells mirrored that of the effector subset (Th1 or Th2) characteristic of the donor cells. However, these reactivation experiments restricted their analysis to Ag restimulation for short periods in the absence of polarizing conditions of differentiation. Such studies might suggest that cells differentiated to Th1 or Th2 status (IFN-␥ or IL-4 gene expression, respectively) develop into memory cells committed to the production of the same cytokine. However, work with the Th1 lineage generated evidence that cells differentiating into IFN-␥ ϩ lymphocytes do not give rise to memory cells with a significant efficiency (20) . Instead, the capacity to produce Th1 memory effector cells in a recall response appeared to depend on the activated CD4 cells that scored as negative for IFN-␥ mRNA and production (20) . These latter data suggested that, at least for the Th1 lineage, IFN-␥ production marks terminal differentiation, and that memory CD4 cells develop according to a diminishing potential model, rather than the linear differentiation of memory cytotoxic T lymphocytes (21, 22) .
Memory cells derived from an Ag-specific culture developing under Th2 conditions programmed a naive recipient mouse for an allergic inflammatory response in the lung after inhalation of Ag, whereas naive and Th1 populations did not exert this influence (23) . Such findings are hard to reconcile with a diminishing potential model for memory Th2 cells. Here, we have compared memory cell development from Th2 populations that turned on IL-4 gene expression to that of CD4 cells cultured in nondifferentiating conditions. Furthermore, we tested the extent to which a memory cell population, all of which exhibited unambiguous evidence of having activated transcription of an IL-4 locus when they were Ag-activated cells, could turn on the expression of IFN-␥ after recall activation and growth in Th1-promoting conditions.
Results

Activation of a GFP-Marked IL-4 Locus Early in Differentiation of Th2
but Not Th-Null Cultures. To identify cells that induced the transcriptional competence of an IL-4 gene in their Th2 cytokine loci early after activation and growth under Th2 conditions, we combined the 4get [IL4-internal ribosomal entry sequence (IRES)-GFP] knockin (24) with the DO11.10 TCR transgene (Fig. 1A) . As previously reported, the 4get system marks Th2 development in vitro and in the intact mouse. CD4 cells in DO11.10, 4get double heterozygotes were uniformly GFP Ϫ before activation [supporting information (SI) Fig. S1a ]. When activated with Ag and cultured in Th1 or Th-null conditions, the cells remained GFP Ϫ , but a subset of the population had become GFP ϩ within 2 days of Th2 culture (Fig. 1B) . This GFP reflected activation of the capacity to produce IL-4: GFP ϩ cells also were IL-4 ϩ after restimulation (Fig. S1b ). These features enabled purification of the cells that most rapidly turn on transcription of an IL-4 allele without recourse to restimulation before purification. Flow sorting yielded Ͼ97% purity of GFP ϩ CD4 cells from Th2 cultures (Fig. 1C) and GFP Ϫ cells from Th-null or Th2 cultures. FACS on intracellular cytokine stains after secondary stimulation verified that the preparations represented populations of IL-4 ϩ , IFN-␥ Ϫ cells (GFP ϩ from Th2 cultures) or activated but nondifferentiated CD4 cells (GFP Ϫ from Th-null conditions) (Fig. 1D and Fig. S1b) . ELISA of IL-5, IL-10, and IL-13 production after Ag restimulation confirmed that the sorted GFP ϩ cells produced a full program of Th2 cytokines, whereas the GFP Ϫ cells did not (Fig. 1E) . descendants of Ag-activated but nondifferentiating (Th-null) CD4 T cells, there was a modest decrease in efficiency for Th2 cells; the severity depended on the organ sampled, ranging from Ϸ2.5-(spleen) to 4-fold (lung). The donor-derived cells, which had all been activated and proliferating before transfer, were uniformly CD44 hi (Fig. S2a ). Consistent with previous work (25) , the donorderived memory cell populations were a mixture of CD62L hi and CD62L lo CD4 cells, with a greater prevalence of CD62 lo cells in the lung and of CD62L hi in the lymph nodes ( Fig. S2a) . Interestingly, the CD62L lo population was relatively reduced among the descendants of IL-4 locus-active (GFP ϩ ) CD4 cells compared with the GFP Ϫ , locus-off-derived memory cells. We conclude that CD4 T cells that turn on transcription at their IL-4 locus and produce Th2 cytokines contribute effectively to a durable memory population. Memory T cells can traffic to a wide range of tissue sites with various tropisms depending on the nature of the cell. It is possible that some change in the pattern and magnitude of memory cell recovery would be observed in a tissue other than the lung, but this organ is the main tissue site for steady-state distribution of bulk populations of memory cells, whereas spleen and LN accrue Ͼ50% of the overall memory population (26) . Thus, the findings indicate that there is a modest difference between cells from Th-null and Th2 cultures and no difference related to early IL-4 locus activation in Th2 conditions in terms of the capacity to form a memory subset. Due to the different efficiencies with which GFP ϩ and GFP Ϫ (Th-null) donor cells formed memory populations, we analyzed aspects of their phenotype at the time of transfer. Differences in the frequencies of CD62L hi and CD62L lo cells might influence the outcomes. GFP ϩ cells sorted from a Th2 culture were largely CD62L lo , whereas the purified GFP Ϫ CD4 cells from nondifferentiating Th-null cultures had a substantial frequency of CD62L hi cells (Fig. 2C) . However, there was no difference in survival or effectiveness in forming memory populations when CD62L hi and CD62L lo CD4 cells were purified and separately transferred into recipients (data not shown). Several cell surface molecules have been implicated in the effector to memory transition or survival efficiency of memory T cells in vivo, i.e., IL-7R␣ (27) and OX40 (28) . CD27 and IL-7R␣ expression are equally correlated with memory CD8 cell formation (29) . Studies of mice lacking CD27 suggest that it can promote T cell memory (30) . We compared the expression of these proteins for the populations with different efficiencies of forming memory descendants (GFP Ϫ from Th-null cultures vs. GFP ϩ Th2 cells) (Fig. 2C) . There was no difference between these two populations in terms of OX40 expression. Unlike a report for CD8 T cells (27) , surface levels of IL-7R␣ correlated inversely with the capacity to generate a memory population. However, CD27 was more highly expressed on the GFP Ϫ Th-null cells, which is consistent with their greater contribution to a memory pool. Bcl-2 has been implicated in memory CD8 T cell persistence (31) , and its relative Bcl-xL regulates survival of activated T cells. The better persisting GFP Ϫ Th-null population had higher levels of Bcl-2, but no difference in Bcl-xL (Fig. 2C) . These data indicate that, among molecules implicated in regulating T cell survival into memory, CD27 and Bcl-2 correlate with the difference between Th2 and Th-null cells, whereas IL-7R␣, OX40, and Bcl-xL do not.
Commitment to the Maintenance of the Capacity to Produce IL-4.
Recovered donor cells generally were GFP
Ϫ even when strongly GFP ϩ before transfer (Fig. S2b) . Consistent with results from work studying CD4 T cells in 4get mice after treatment of a parasitic infection (32, 33) , Ϸ10-25% of the memory cells derived from GFP ϩ cells were GFP lo in some samples at the time of recovery, whereas the rest were GFP Ϫ (Fig. S2c) . After short-term restimulation, the memory descendants of IL-4 locus-active cells from Th2 cultures produced IL-4, whereas the IL-4 locus-off cells from nondifferentiating cultures did not (Fig. 3A) ; without TCR stimulation, the donor cells produced no detectable IL-4 or IFN-␥ (data not shown). Thus, this system functioned consistent with the earlier studies of memory T cells derived from mixed populations.
We next tested the stability of the transcriptional program in the descendants of cells that had initially turned on their IL-4 gene. First, we assayed GFP expression and Th2 cytokine production after reactivated memory cells were grown for 7 days in Th1 or Th-null conditions (Fig. S3a) . GFP is more stably expressed than cytokines because its translation and expression are maintained even in proliferating CD4 cells whose IL-4 mRNA translation is no longer active late after activation (34) . Virtually all of the reactivated memory cells derived from IL-4 locus-active (GFP ϩ ) precursors had resumed high expression of this marker. In contrast, the Purified CD4 ϩ GFP ϩ cells (from Th2 cultures) and CD4 ϩ GFP Ϫ cells (from Th2 and Th-null conditions) were generated, expanded, and transferred into BALB/c recipients, and then analyzed after 6 -11 weeks. Shown are aggregate data from analyses of the indicated organs of recipient mice in six experiments involving independent sorting of GFP ϩ and GFP Ϫ CD4 T cells. There are less GFP Ϫ samples from Th2 cultures due to periodically lower yields. descendants of GFP Ϫ CD4 cells from nondifferentiating Th-null cultures remained GFP Ϫ when reactivated and grown under Th1 or Th-null conditions, but initiated IL-4 locus activity when grown in Th2 conditions (Fig. S3a) . Intriguingly, cells whose original activation was under nondifferentiating Th-null conditions were consistently less effective at generating Th2 cells than their counterparts derived from Th2 cultures (although the prevalence and intensity of GFP expression in these memory effectors generated under Th2 conditions varied somewhat among experiments) (Fig. S3 a vs. b) . IL-4 production per donor-derived Ag-reactivated memory cell was far less only 48 h after stimulation, compared with cells reactivated and grown for 7 days, even if these latter samples were cultured in Th1 conditions. Th2 cytokine production by each Ag-stimulated cell population was analyzed as well (Fig. 3C) . Less IL-4, IL-5, IL-10, and IL-13 were made after growth in Th1 conditions, but these Th2 cytokine loci did all resume active expression as a consequence of recall activation (Fig. 3C) . We conclude that CD4 T cells derived from IL-4-expressing lymphocytes are committed to reactivation of their Th2 cytokine genes (IL-5, IL-10, and IL-13, as well as IL-4) even when grown under conditions that prevent de novo IL-4 gene activation. However, the developing Th2 memory effectors respond to their cytokine environment in that Th1 conditions limit overall levels of Th2 cytokines.
Facultative IFN-␥ Gene Regulation in Memory Lymphocytes De-
scended from IL-4 Locus-Active Th2 Cells. These findings led us to explore whether any element of the Th1 differentiation program could be induced in memory effectors derived from IL-4 locusactivated Th2 cells. IFN-␥ production by donor-derived memory cells was assayed after reactivation and culture under Th1, Th-null, and Th2 cytokine conditions. Memory cells derived from GFP ϩ (IL-4 locus-on) Th2 donor cells became competent to produce substantial IFN-␥, albeit at a level half that of the memory cells from GFP Ϫ Th-null donor cells (Fig. 4A) . This IFN-␥ was produced in response to peptide Ag restimulation of the memory effector population that grew in vitro after donor-specific recall stimulation by Ag, making it very unlikely that the cytokine was produced by recipient T cells. Furthermore, controls using peptide stimulation of BALB/c lymphoid cells from mice that received no donor cells yielded no significant IFN-␥. Intracellular cytokine measurements gated on the donor-derived CD4 T cells revealed a substantial frequency of donor-derived IFN-␥ ϩ cells after growth in Th1 differentiation conditions even when the memory effectors were derived from purified GFP ϩ Th2 cells (Fig. 4B) . When tested in vitro, the IL-4 locus can be in a transcriptionally competent state that is not transcribed after a particular cycle of TCR stimulation (35). Thus, it was possible that the memory effectors would show a Purified GFP ϩ and GFP Ϫ CD4 T cells were made as in Fig. 2 and transferred into naive recipients. Draining LN cells were analyzed 8 -11 weeks after transfer, 6 days after immunization under Th1-biasing conditions. Shown are the ELISA data for cytokine production (as in Fig. 1 ; one representative experiment of three with comparable result) (C), GFP expression in donor cells upon harvest (D), and cytokine staining of cells in the KJ1-26 ϩ CD4 ϩ ␥␣ (E). 〈s in Fig. 3 , values for IL-4 and IL-13 and IFN-␥, elicited from BALB/c controls by Ag, were all below limits of detection (Ͻ0.1 units/ml/100 cells), as were %IL-4 ϩ and %IFN-␥ ϩ .
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mutually exclusive pattern of staining for IFN-␥ and IL-4. Instead, a substantial frequency of ''double producers'' (IL-4 ϩ , IFN-␥ ϩ ) was detected (Fig. 4B) . To assess whether recall activation and growth of memory CD4 T cells in vivo can yield similar results, we immunized mice that had received purified GFP Ϫ CD4 cells or GFP ϩ Th2 cells with Ag in an inflammatory adjuvant. The recall response in such experiments showed reactivation of the IL-4 locus accompanied by development of IFN-␥-producing donor cells derived from GFP ϩ Th2 effectors (Fig. 4 C-E) . Together, these data show that the initial activation of IL-4 alleles is marked, such that a commitment to its activity is maintained after a long quiescent period, but the locus is in a state requiring prolonged T cell activation and growth for high-level cytokine expression. Strikingly, however, memory CD4 cells linearly derived from this locus-active population can respond to Th1 conditions by activating substantial IFN-␥ production.
Discussion
Memory cells programmed to produce Th2 cytokines such as IL-4 and IL-13 influence the Th cell responses to pathogens after immunization and likely play a major role in flares of allergic diseases where the allergen is only present on a seasonal basis. However, much remains unknown about the programming of memory after Th2 responses. Th1 recall responses reportedly conform to a diminishing potential model, in which IFN-␥ expression marks terminally differentiated cells that make little or no contribution to memory (20, 21) . Instead, Th1 cells in recall responses derive from activated CD4 cells that were IFN-␥ negative (20) and depend on IL-12 during the recall response (36) . We show here that cells in which at least one IL-4 allele had undergone transcriptional induction formed a memory subset almost as efficiently as activated CD4 T cells that had not turned on effector cytokine gene expression and were committed to reactivation of Th2 cytokine gene expression. These findings indicate that Th2 cytokine-producing effectors have a significant capacity for linear differentiation into memory-type lymphocytes.
Our findings extend work indicating that Ag-specific memory CD4 cells are initially quite inefficient at producing IL-4 or IFN-␥ when Ag is restimulated; bulk populations of memory helper cells required 4-5 days after recall activation to reach their full cytokine production potential (17, 18) . Nonetheless, the memory CD4 cells derived from an unfractionated of TCR-transgenic Th2 cells made IL-4 and no IFN-␥ in the first 24-48 h after Ag restimulation ex vivo under neutral conditions (18, 19) . Because the frequency of cytokine-positive cells among donor-derived memory effectors could not be determined in earlier work, it was possible that the IL-4 locus-active population in vivo was at a large disadvantage compared with uncommitted cells once Ag was withdrawn, as reported for IFN-␥-producing cells (20) . Other studies, also performed before the ability to isolate cells according to whether they had activated a given cytokine gene, indicated that a Th1-biased memory CD4 population could exhibit flexibility (37) likely because undifferentiated helper cells can develop into both Th1 and Th2 effectors when later reactivated (7, 10) .
Longer culture after activation of the memory descendants of sorted, locus-tagged cells dramatically increased levels of Th2 cytokine production. Importantly, even a relatively short period of initial Th2 development sufficed to commit the memory descendants to the resumption of high-level Th2 cytokine locus activity after recall activation and growth in strong Th1 conditions. Analyses of gene expression by the Th2 cytokine cluster indicate that there is no correlation between the chromosome actively expressing an IL-13 allele and that from which IL-4 is being transcribed (38) . There also is no correlation between the IL-4 allele expressed on a first cycle of stimulation and the one active at the next (39) . Collectively, the findings indicate that during an initial phase of Th2 differentiation, both alleles of each of the Th2 cytokine genes become independent from specific differentiation signals, yet remain dependent on a period of T cell activation after recall Ag stimulation to regain maximal competence to support transcription. This point suggests that simply maintaining a pattern of covalent histone modifications at the Th2 cytokine genes is not enough for prompt restoration of transcriptional activity.
The differentiated Th2 state appears to represent both activation of transcriptional competence for the Th2 cytokine genes and repression of the capacity to express IFN-␥ (11). In work analyzing the recall response of a memory population derived from unfractionated Th2 cells, we previously detected IFN-␥ ϩ , IL-4 ϩ CD4 T cells in the lungs of mice that repeatedly inhaled Ag; indeed, Ϸ20% of donor-derived IL-4 ϩ cells also expressed IFN-␥ ϩ (23) . However, such double producers could be derived from previously uncommitted memory CD4 cells. A key finding of the present study is that memory CD4 cells derived from (42) . These findings provide a basis for the block to turning on the IFN-␥ locus if effector (as opposed to reactivated memory) Th2 cells encounter Th1-promoting conditions, independent of any chromatin modifications inhibitory to transcriptional competence that arise during early Th2 differentiation. Changes in IFN-␥ gene methylation have been reported to arise during extended growth under Th2 conditions (43, 44) , but the epigenetic status of the locus in memory Th2 cells is not known. Our findings indicate that factors mediating Th1 differentiation are able to override changes that might persist in the memory Th2 cell (45) without repressing Th2 cytokine genes (46) . This work reveals a previously unrecognized capacity of Th2-derived memory cells to turn on significant IFN-␥ expression; preliminary data also showed Ag induction of IFN-␥ production after challenge of mice with ovalbumin-expressing Listeria monocytogenes (data not shown). The influence of such flexibility in immunity remains to be determined. However, it would be of adaptive value when variants within a species of pathogenic microbe share immunodominant Ags, but differ in terms of the optimal balance between IFN-␥ and Th2 cytokines needed for responding optimally to later infection with the variant.
Lymphocytes were cultured for 3.5 days, stained, and sorted into CD4 ϩ , GFP ϩ , and CD4 ϩ GFP Ϫ populations on a FACS Aria (BD Biosciences) after performing FicollHyPaque gradients. Sorted GFP ϩ (IL-4 gene-activated) CD4 T cells were expanded in Th2 conditions and GFP Ϫ CD4 cells under Th-null conditions, each as described above. Cells were then analyzed by FACS, restimulated for measurements of cytokine production by ELISA or intracellular cytokine staining, or transferred into naive BALB/c mice (7.5 ϫ 10 6 cells per mouse) after removing dead cells using Ficoll-HyPaque gradients. Cells from spleen, lymph node, and enzymatically dispersed lung tissue of recipient mice 6 -11 weeks after transfer were counted and then analyzed as described in the next section. Briefly, lungs were perfused with PBS at the time of harvest, minced, digested for 75 min at 37°C with 1.5 mg/ml collagenase and 0.75 mg/ml hyaluronidase, and subjected to erythrocyte lysis. Recall characteristics ex vivo were analyzed by restimulation with Ag under Th-null, Th1, and Th2 as described previously (23) . In vivo recall responses were elicited by immunizing recipients and BALB/c controls s.c. (OVA323-339 at 2 mg/ml in PBS, emulsified 1:1 with IFA; 250 g/mouse). After 6 days, cells from draining lymph node were Ag restimulated to measure IL-4 and IFN-␥ by FACS for intracellular cytokines and by ELISA.
Immunofluorescent Staining, Flow Cytometry, and Cytokine Measurements. Portions of the cells to be transferred, expanded under Th-null or Th2 conditions after sorting, were stained for CD4 and KJ1-26 so that equal numbers of donor cells (CD4 ϩ KJ1-26 ϩ ) could be transferred and were analyzed for Bcl-xL, Bcl-2, CD27, CD127 (IL-7R␣), CD62L, and OX40 levels on cells in the CD4 ϩ KJ1-26 ϩ gate.
At recovery, cells from the recipient organs were stained with anti-CD4, KJ1-26, and 7-AAD. The frequency of viable donor (KJ1-26 ϩ CD4 ϩ ) cells and the GFP expression in the donor cells were measured by flow cytometry. Memory cell populations also were stained for CD62L, CD27, CD44, and CD25 and then analyzed. To measure short-term cytokine production by donor-derived lymphocytes, freshly recovered cells were stimulated with OVA323-339 for 1.5 days; cytokines were then measured by ELISA. Recovered cells also were stimulated with OVA323-339; cultured for 7 days under Th-null, Th1, and Th2 polarizing conditions; and analyzed for secreted or intracellular cytokines as above. Recovered cells were Ag reactivated (1 g/ml); cultured for 7 days in Th1, Th2, and Th-null conditions, after which they were stained for CD4, KJ1-26, and 7-AAD; and analyzed by FACS for GFP expression by the viable donor (CD4 ϩ KJ1-26 ϩ 7-AAD Ϫ ) cells and for intracellular cytokine pools after stimulation [antiCD3ϩanti-CD28], processing, and staining with FITC-anti-IL-4 and APC-anti-IFN-␥, together with anti-CD4 and KJ1-26 as in ref. 23 .
